mospheric [CO 2 ] appears to have been four or five times present values (Bowes, 1996) . Because CO 2 remains the sole source of carbon for plant photosynthesis, and because at present, [CO 2 ] is less than optimal, as atmospheric [CO 2 ] increases, photosynthesis and growth will be stimulated accordingly. Although, in general, the relative effect of increasing [CO 2 ] is greater for C 3 than d, species, species-specific responses demonstrate a wide range of relative enhancement within C 3 and C 4 weeds (Patterson and Flint, 1980) .
Weed management efforts, in turn, will be altered both by climatic uncertainty and rising carbon dioxide levels (Ziska, 2004) . To date, our understanding of how rising CO 2 affects chemical weed management has focused exclusively on reductions in efficacy for individual weeds or monocultures (Ziska et al., 1999 . Data on how elevated CO 2 could alter weed populations (and subsequent chemical control) are not available in genetically modified crops, that is, crops designed to be treated with herbicides. Our specific objective in the current study, therefore, was to quantify changes in weed populations and potential changes in chemical control efficacy as a function of [CO 2 ] for Round-up Ready (Monsanto Corp., St. Louis, MO) soybean grown with and without application of commercially formulated glyphosate.
MATERIALS AND METHODS

Experimental Treatments
The experiment was conducted over a 2-yr period at a 0.3-ha plot at Beltsville, MD. Field soil was classified as a Cordurus silt-loam (Cordurus harboro), pH 5.5 with high availability of potash, phosphate, and nitrate. Twelve experimental aluminum chambers (3 m in diameter and 2.25 m in height) covering an area of 7.2 m 2 were placed at regular intervals within the field. Because of the chamber size, a modified suspended chamber top was necessary to prevent wind intrusion and to maintain a stable CO 2 concentration. For each year of the study, individual chambers were assigned one of two CO 2 treatments, either ambient or ambient +250 jmiol mol~' CO 2 ; and one of two herbicide treatments, either sprayed at manufacturers recommended dosage, or unsprayed. CO 2 treatments were maintained 24 h d^1 from germination until maturity. Air was supplied through perforations in the inner wall of the lower half of the chamber. Air was adjusted to the desired [CO 2 ] with pure CO 2 supplied from a 5 Mg liquid CO 2 tank. Gas samples were withdrawn from all elevated and one ambient CO 2 chamber at 4-min intervals at canopy height and adjustments to the elevated [ 
Vegetative and Reproductive Measurements
Soybean was considered mature when >95% of the leaves had senesced and pods were noticeably brown. Because of differential planting dates (because of the high precipitation in 2003), maturity occurred by late October and late September for 2003 and 2004, respectively. At maturity, four center rows from each chamber (i.e., excluding border rows) were cut at the base of the plant and harvested. At harvest, individual pods were counted and separated by treatment. Pods were air-dried and aboveground shoot dry matter (i.e., stems, petioles, peduncles) was oven-dried at 65°C for 72 h or until a constant dry weight was observed, then weighed. Pods were threshed by hand and seed collected and weighed. A subsample of 50 seeds was used to determine individual seed mass and to estimate seeds per pod. Because of leaf senescence and drop, harvest index was calculated as the ratio of seed mass to the sum of stem plus pod mass at maturity. This is typically done for commercial soybean and is referred to as the apparent harvest index (AHI) (Schapaugh and Wilcox, 1980) . Weed species were identified by chamber just before application of either water or glyphosate and again at soybean harvest. At soybean harvest, weeds within the harvested rows were cut at their bases, sorted into three general categories: C 3 broadleaf, C 4 broadleaf, or C 4 grass (no C 3 grasses were observed), dried, and weighed. No new species were observed between glyphosale application (i.e., canopy closure) and harvest. C-i broadleaves were composed almost entirely (>95%) of three species; lambsquarters (Chenopodium album L.), velvetlcaf (Abutilon theophrasti Medik.) and Virginia copperleaf (Acalypha virginica L.); C 4 broadleaves were exclusively redroot pigweed {Amaranthus retroflexus L.) and C 4 grasses consisted of barnyard grass [Echinochloa crus-galli (L.) P. 
Statistical Analysis
The experiment was arranged in a completely randomized block at the field site with three replications of [CO 2 ] with and (*) Indicates significance at P < 0.10. * Indicates significance at /* < 0.05. ** Indicates significance at P < 0.01. *** Indicates significance at P < 0.001 .t AHI is apparent harvest index, the ratio of seed mass to the sum of stem plus pod mass at maturity.
ZISKA & GOINS: CLIMATE AND CHEMICAL WEED MANAGEMENT
Weed Biomass (g m" For that year, the increase in seed yield was accompanied by a reduction in AHI, suggesting that vegetative growth may be a greater sink for additional carbon than reproductive growth. The decline in AHI for soybean observed here was consistent with previous work (Baker et al., 1989; Ziska et al., 2001 ) and supports the conclusion by Ainsworth et al. (2002) that soybean may show a reduction in AHI regardless of cultivar, growth habit, or maturity group.
If glyphosate (Round-up) is not applied, how does increasing [CO 2 ] alter the growth of weed populations within the soybean canopy? Given that weed seeds were uniformly distributed within the seedbank before the start of each field season, the impact of CO 2 on weed populations may be dependent on those environmental factors that altered the establishment of C 3 and C 4 weeds. One such factor may be precipitation, which is generally recognized as a significant environmental factor in weed establishment, i.e., higher precipitation favors anoxic conditions and the establishment of shallow rooted grasses or adapted species (Patterson, 1995b) . This is consistent with observations from the first year of the current study: specifically, that high precipitation regarding sampling of weeds within the soybean canopy and physical disturbance effects on soybean seed yield. But even if increasing [CO 2 ] alters glyphosate efficacy, is there cause for concern? It could be argued that chemical management could adapt to any CO 2 induced changes in weed control. For example, glyphosate could be applied earlier in the season, or alternatively, herbicide concentration or spraying frequency could be increased. However, if glyphosate application is too early (i.e., before canopy closure), then weed regrowth could occur; similarly, changes in the frequency of application or concentration of glyphosate, while increasing weed control, would also increase economic and/or environmental costs. From an economic perspective, it may be worth noting that any profits associated with greater seed yield at elevated [CO 2 ] could, potentially, be offset by additional costs of weed control.
While the response of agronomic species to rising atmospheric [CO 2 ] has been confirmed in literally hundreds of studies (e.g., Kimball, 1983) , it is becoming increasingly evident that [CO 2 ] will also benefit agronomic and invasive weeds as well (Ziska and George, 2004) . The argument that rising atmospheric [CO 2 ] will reduce weedy competition because the C 4 photosynthctic pathway is over represented among weed species (e.g., Holm et al., 1977) does not consider the range of available C 3 and C 4 weed species present within the agronomic seed bank, nor those environmental factors (e.g., precipitation) that may influence their relative proportion following emergence. Overall, the data presented here suggest that, depending on weed species (C 3 vs. C 4 ), elevated [CO 2 ] can increase weed biomass, decrease yields, and reduce glyphosate efficacy for Round-up Ready soybean.
